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SUMMARY

A series of available or known solid reactants capable of generating
fluorine when combined with fuels was identified and examined during the
course of the program.

An extensive literature review combined with a thermochemical evaluation
procedure defined candidates with labile fluorine that were subsequently
scveened as to acceptability in meeting specified requirements. A series of
32 candidate fluorine reactants was included in the reactant screening and
rating operations. The parameters that had ma’or influemce on reactant
acceptability during this screening operation were stability, safety, and
cost.,

A series of five reactants was selected for experimental evaluation
based on the reactant ratings. The compounds were NOBrF,, (MO)MaFg, KBrFg,
KC1F,, and LiMnFs. The first two reactants, NOBrF; and (NO)gMnFg, were
eliminated trom consideration at an esxly stage because of the low fluorine
yield of (NO)sMnFg and the expected detrimental influence of NOF and bromine
products on laser prformance in the case of NOBrF,. Tioe two interhalogen
derivatives, KBrFg and KCIF,, were carried through small-scale grain testing
(10 to 20 g). Test data showed the KBrFg/MgjNy and KC1F;/AlN reactant
systems to be most amenable to ignition and combustion in the scale tested,
Studies of these two reactant systems were discontinued based on the
anticipated detrimental effects of BrF and CIF on laser performance.

Work on LiMnF; was conducted based on prediction of fluorine as the only
gaseous product with other products forming a sintered residue. Ignition and
combustion of various LiMnF5 and fuel reactant systems were difficult to
achieve on the scale tested. The most promising candidate based on the
grains tested consisted of a LiMnFg/Mg formulation.

An exploratory analysis and design of a fluorine gas generator system
were developed using the LiMnFg/Mg reactant system parameters as input. The
primary area of uncertainty was in the ignition train design.
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The investigation of s0lid reactants for fluorine gas generation
reported herein was performed by the Chemical Systems Division of United
~ Technologies Corporation under contract No. N60921-75-C-0224. Inclusive
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vas the program manager and Dr. J. D. Breazeale was the project scientist,

Significant contributions to this program were made by Mr. C. E. Fogle and ~ -
Mr. D. R. Matthews. The contributions and consultations of Mr. 8. G. Pailay,
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INTRODUCTION

This document describes the investigstions performed under NSWC contract
No. N60921-75-C-0224, '"Solid Reactants for Fluorine Generation." The overall
objectives of the program were to select, by approved screening and selection
criteria, and to evaluate by tests and analysis, solid reactants and
approaches capable of producing F, Fy, or NFj3 at weight yields corresponding
to 102 equivalent fluorine with an ultimate goal of 25X equivalent fluorine.
Furthermore, the reactant systems and approaches selected should be capable
of producing an exhaust containing minimum levels of contaminants or
particles and the system should be scalable to produce 0.25 lb of fluorine

per second for up to 5 sec duration.

Praincipal operational constraints in development of a DF chemical laser
are the storing, handling, and safety of the reactants. These constraints
emphasized the desirability of solid gas generators to produce the gaseous
reactants needed for HF/DF lasers., With demonstrated practical generation of
Hy and Dy from solid formulations and since stored helium, nitrogen, or
nitrogen-generating formulations can be used as the diluent gas sou-ce, the

primary remaining problem area is that of a suitable fluorine source.

The hazardous nature and physical properties of fluorine combine to make
its storage in the elemental form a formidable undertaking if substantial
quantities are to be stored tor extended periods. The problems of
corrosivity during the storaga period, the potential of boiloff or leakage of
the liquid phase when employed as a cryogenic reagent, and the need to supply
a pressurization subsystem are drawbacks to liquid fluorine. The inherent
storability of solid reactants makes the approach of solid grains for
fluorine generation attractive, and has been the primary impetus for work in

this area.

Although several fluorine-generating formulations have been
characterized to date on a laboratory scale, there is currently no fully
developed composition based on available reactants which produces F, Fp, or

NF3 as combustion products. Among the reactants which have becn investigated
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as fluorine generation sources are the xenon fluorides, XeFy and XeF,, and
the Wr,* salts, NF,BF, and i{F,SbFg. The xemon flucrides sxhibit marginal
stability characteristics, particularly for Navy uvsage, The higher fluorine
content compounds, NF,BF, and NF,SbF¢, are presently not svailable at
reasonabls cost in quantii ies sufficient for large-scale operations.

The program reported herain is an investigation of alternative
approaches for generation of gaseous F, Fp, and NFj by means of solid
reactauts based on available, relatively inexpensive ingredients. The
availability and low cout requirements were imposed to provide a trade-off
option to the higher cost tetrafluorosmmonium sslts. In addition,
constraints on the gaseous product composition were imposad such that it
would be acceptable for DF laser operation. Finally, the requirements
included practical guidelines relating to handling and safety.

The program developed to meet these objectives was divided into three
consecutive tasks: task 1, screening and selection of reactants and
approsches; task 2, characterization and testing of the selected reactant
systems; and task 3, scalability testing and supporting analysis. The
program plan provided for specification of five candidate reactants at the
end of screening studies of task 1, selection of three candidates to be
evaluated during the testing effort of task 2, and up to two candidates for
the task 3 scalability testing and supporting analysis. '

Synthesis studies performed as part of the IRSD progrem yielded a
portion of the reactant materials used in the task 2 efforts. For

completeness, the results of these studies have been included in this report

vwhere appropriate.




PROGRAM DISCUSSION

Seversl requirements for a gas generator producing predominantly gaseous
fluorine c¢an be defined. A primary guideline is production of gas generator
products that approach, or match, the composition of gases currently being
used in laser operations (i.e., fluorine, flucrine-helium, or
fluorine-nitrogen mixtures). Achievement of this guideline allows more ready
transition from lasers employing gaseous fluorine to solid generator operated

lasers.

Throughout the program, a set of requirements was considered that
imposed limits on acceptability of various physical, chemical, and economic
properties of candidate reactants. These requirements, while subjective in
certain areas, were intended to ensure that the final reactant systems
(fluorine gas generators) would have utility in an end-item application. The
minimun requirements that need to be gatisfied for both the fluorine
reactants and reactant systems are as follows:

A. Yield of fluorine (as F, F9, and NF3) of 10 weight percent

(minimum) to 25 weight percent (goal).
B. Reactants are stable solids (and nonvolatile) at temperatures up to
50 C.

C. Reactants are available from commercial sources or can be

synthesized by practical synthesis routes.

D. Once ignited, reactant systems sustain a controlled combustion.

E. Minimum concentrations of undesiiable or unacceptable gases are

produced upon combustion:

(1) Acceptable - Nj, 07, He, Ar, CF,, and SFg ‘
(2) Undesirable - HF, DF, COj, COFp, S09F7, and C1F3 .
(3) Unacceptable - Fluorine reactive gases

F. Reactants and fluorine gas generator formulations have normal
handling characteristics:
(1) Low sensitivity to impact, friction, and spark
(2) Autoignition temperature (AIT) in excess of 120 C

N T NSt R

(3) Low toxicity of reactants

(4) Storable at normal temperatures




(5) Capable of being processed in large scele.

G. Particuiate matter can be removed from generated gas.

Of the noted requirements, those having the greatest impact on the
selection of resctants were the fluorine content (item A) and availability
(item C), vhereas the selection of reactant systems for evaluation was
constrained primarily by the presence of other gases in the products (item E) h
and achieving sustained ~ombustion (item Dj. The last item, elimination of
condensed solids from the exhaust, is dependent upon the formulation and end

use approach,

The three basic approaches to producing a solids-free exhaust in the
fluorine gas generators were all considered in the course of the selection
process conducted in this program. The first approach follows conventional
gas generator technology by formulation of compositions whose products are
all gaseous, e.g., the early formulations of NF;BF; with
tetrafluoroethylenell) are typical of this approach., This type of
formul ation has tha advantage of not requiring separation of condensed
products from the gas phase but tends to produce excessive gaseous
contaminant levels. The second approach considered in the program is an
adaptation of the well-established chlorate candle technology(Z) to develop
formul ations that produce s sintered solid under certain definable
conditions. Previous studies have shown that, provided the ratio of the ﬁ
liquid=-to~solid phases is ccntrolled, good separation of gases from the \
condensed phases occurs. A small filtration unit normally has been required > )
to remove the last vestiges of condensed particles, Excessive amounts of a
liquid phase have been tound to cause slumping problems on scale-up.(3) This {

second type of generator generally provides a lower fluorine yield, based on

total gas generator weight, but produces a gaseous product with a higher
fluorine content. The use of the sintered residue approach for fluorine
generators has been reported in work using NF4SbFg(4) and NF,BF,(5). The
third approach also allows formation of solid- or liquid-phase combustion
products but dces not produce a sintered residue. In this approach, a

i g second subsystem is required to remove the condensed products. The

complexity of this ocubsystem is dependent upon the combustion temperature and

8
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the quantities and physical characteristics of the condensed, and
condengable, combustion products. This third type of system is potentially

adaptable to an accumulator approach for multipulse operation.

The following sections present the overall approachcs taken to evaluate
alternative solid reactants for fluorine generators; the results of the
theoretical, experimental, and design studies based on the selected

approaches; and a discussion of the results.

TASK 1: SCREENING AND SELECTION OF CANDIDATE REACTANTS AND APPROACHES
The objective of this task was to survey potential fluorine source
candidate reactants, subject these candidates to a set of approved screening
criteria, and select and recommend the most appropriate reactants for
subsequent testing. A reactants considered list was prepared to summarize
the results of task 1. A minimum of five reactant systems was selected for

consideration in the testing phase (task 2) which follows this sectiom.

The initial step in the screening and selection process ccnsisted of a
thorough literature search, including the use of automated information
retrieval servicecs, for all compounds having a potential for release of at
least a portion of their fluorine on thermal excitation. This literature
search resulted in identification of in excess of 60 candidate compounds for
later evaluation in the program. (Pertinent literature is listed in the
bibliography as references 6 through 45.)

The stability of a selected set of gaseous fluorides was evaluated from
thermodynamic considerations to serve as a guideline in the selection of
materials which possess weakly bourd fluorine or form species with weak bonds
to fluorine and therefore decompose readily. The equilibrium decomposition
temperature for these speciius, tabulated in table 1, was calculated as the

temperature at which log Kp was approximately zerc.

Temperature limitations were imposed on the evaluation by end-use
application. In the case of a DF laser, the lower limit is that required to
dissociate Fy, approximately 1300 K, while the upper Limit is imposed by

ekt Y



. I TABLE 1. RELATIVE STABILITY OF GASEOUS SPECIES CONTAINING FLUORINE

f Dcconpositiona
: Species Decompcsitioa Reaction Temperature, (K)
c1¥, ClP— e CIF, + F, 500
NOF 2NOF y—= N, + 0, + 3F, 600
17, IF,——=IF, + F, 600
MO, F | 2N0 F——sm N, + 20, + F, 750
o cr, C1F,—— CIF + F, 800 )
NF, 2NF,——e- N, + 3F, 900 '
; ' Br¥ BrF,——e BF, + F, 1000
' NOF ZNOF——=N, + 0, + ¥, 1200
F, F,———a 2F 1300
BrF3 : BrF3————. BrF + Fz 1500
SF, SFg———a-SF, + F, 2100
; I¥, IFg—eIF, + F, 2600
: 50,F, 50,F,—= S0, + F, 3500
PR, PF——aPF, + F, 3800
s¥, SF,——=5 + 2F, 4100
SOF, 250F ;——a- 25 + 0, + 2F, 4500
‘ PF, PF,——PF + F, >6000 ‘
CF, CF,——C + 2F, >6000
BF, 2BF ——= 2B + 3F, >6000
cor, 2C0F ,——=- 2C + 0, + 2F, >6000
C1F 2C1F—= C1, + T, >6000
BrF 2Brf——= Br, + F, >6000
IF 2F——= 1, + F, >6000
PF 2PF— = 2P + F, >6000

a Temperature where log I(P is near zero.




nozzle processes or materials consideration and is of the order of 2500 K.
Therefore, those species whose dissociation occurs at temperatures less than
2500 K will have the most utility in the application, whereas those species
which decompose at higher temperatures will remain intact at operatioﬁal
tesperatures and do not represent sources of available fluorine. The
emphasie on the dissociation of species, especially ipto F atoms, arises from
the energetics of the DF laser system which cause the overall system
performance to suffer if even the energy of dissociation for F; must be
supplied internally,

It is apparent from table 1 that fluorine bonded to nitrogen is
available, since all nitrogen-bonded species (NOF3, NOF, NOoF, and NF4)
decompose below the operating tempersture of the laser combustor,
Conversely, boron, phosphorus, carbon, and sulfur are not desirable as
fluorine carriers since their polyfluorides are stable above the operating
temperature, Of the interhalogens, chlorine and bromine can be expected to
dissociate to the monofluorides; however, iodine clearly would result in
formation of IF5 as a stable product gas. The relative stability of the
gaseous fluorides then is reflected in the fluorine yield values of candidate
reactants. Armed with this informaticn, the fluorine-containing cowpounds
collected in the literature review were subjected to a preliminary screening
to eliminate those wvithout labile fluorine. A value of 10 ﬁeight percent
available fluorine was imposed as an absclute lower limit of acceptability;
however, for use in operational systems, a more practical value of 20 weight
percernt was employed.

Reactants Considered List -

The reactants considered list (RCL) was compiled from all the candidate
materials which remained after the preliminary review., In addition, several
of the current NF,* candidates were included for comparison bringing the list
to a total of 32 materiale to be evaluated. The RCL was subdivided into a
set of five tables according to the nature of the properties to be tabul ated.
The various tables, the data contained thereon, and the basic source of
information are lummari;ed in table 2. The individual tables making up the
RCL are compiled in appendix A,

11
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Resctant Screening Procedures

The screeuing and selection process initially included the consideration
of three approaches to the reactant systems based on the nature of the
products of the generator. The first produces all gas products, the second
produces a condensed phase which is retained as a residue and an easily

. et io il W

filterable gas, while the thir? produces a gas with a relatively large
fraction of condensed phase e’ .:r entrained or formed during cooling.

LR

During the course of the progrun, attention was directed toward the second
y " “approach, i.e., resctants forming & sintered solid and a low solids content
gas.

To evaluate the relative merits of the candidate reactants and reactant
systems, a set of ranking criteria and weighting factors were established. ?
These are tabulated in table 3. Five categories were established with each !
major category subdivided into related considerations.

R

The criteria incorporsted those factors which would be expected to lead
to 8 reasonably priced solid reactant system capable of delivering an

B Tl e o

adequate supply of fluorine gas free of excess contamination and with a
minimuu of hazards associated with its manufacture and use. A major
consideration was the available fluorine content, initially of the reactant
itself but ultimately of the reactant system which will produce the gas.

bt g T

This overall factor was given a weight of 25 out of a total of 100, divided

10 points for the reactant fluorine content and 15 points for gas generator

fluorine content. The acceptable lower limit was designated as 20 weight

. percent for the reactant fluorine content and as 10 weight percent for the
gas generator fluorine content. This differential was established to account ‘
for the consumption of reactant available fluorine by fuels incorporated in 1
the candidate formulations.

The availability of the reactants or precursors and well-established
synthesis routes were important considerations related to the cost of the
constituents of the gas generator, These factors were combined as the second
major criterion with a weighting factor of 20, divided equally betwsen
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availability and cost. No definable limit was established for availability;
a cost limit of less than $10 per gram in swsll scale was taken as a
guideline.

Of vital concern was the satety, stability, and toxicity of the
reactants, the processing characteristics of the reactant system and its
stability as a gas generator. The third criterion of stabiiity, toxicity,
and safety was given a weighting factor of 35, the greatest weight of all
criteria. This factor was subdivided into the three consideratiuns with
safety taking the predominant portion. This weighting was estublished based
on previous safety constraints for shipboard operations. The acceptable
lower limit of reactant stability was taken as 50 C (122 F). Reactants were
ruled unacceptable if they or the products of combustion exhibited a chronie
toxicity, A value of 10 kg-cm was established as the lower acceptable limit
for impact sensitivity.

The degree of contamination of the product with solid particulate matter
or with deactiving species would have a major impact on the value of
candidate reactant systems in laser applications., This c¢riterion was given a
weighting factor of 15; however, since these parameters are difficult to
define before test operations, this criterion had little effective impact on
the selection process., Similarly, ignitability of the reactant system was
also & factor to be considered in the system selection since a
self-sustaining reaction must be initiated; however, determination of this
criterion required extensive test data, not available on many reactants
during screening,

The procedure used for the selection of the candidate reactants for
ranking involved classitication of the reactants as to acceptability in
meeting the minimum requirements and those that were unacceptable on one
basis or another. This classification is shown in table 4 for the 32
candidates, This tabulation was taken from the reactants considered list
(appendix A) where the basis for the lack of acceptability is noted as an X
on the RCL tables and, similarly, on the classification of reactants table.
Those factors denoted by a parenthesized X were deemed marginal but this

15
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classification did not eliminate that reactant from consideration. The final
column in table 4 depicts the state of acceptability which was used as the
guideline in elimination of candidate reactants from uJrther consideration,

After elimination of the candidates which were found unacceptable under

sny of the criteria, the remainder were compiled for rating according to the

criteria discussod earlier. The rating for each criterion was from 0 to the .
maximum value of the weighting factor. Although the rating of each reactant 3
or system within each of the criteria was subjective, the rating was derived .
by comparison with the other candidates. The summation of the ranking

- 4 criterion values led to a score for each candidate and a subsequent ordering '

and identirication of the most promising of the candidates.

. The reactants, their ratings in the various areas, and their cumulative
4 ratings are shown in table 5. The candidates are arranged in order of their
cunulative ratings. Reactants currently under investigation were also
included for comparison purposes. The reactants NF,8F, and LiMnFg wvere
considered marginal because of s low rating in the ares of availability and
i cost for the former and fluorine content for the latter.

The fluorine content ratings were made based on a rating value-fluorine
content correlation plot. This plot gave the highest rating of 25 to

reactants having 40 weight percent fluorire or greater, and & rating of 0 for
compounds having 15 weight percent fluorine or less. The cost factor was
also derived from a rating value-cost correlation plot with the highest value
(20) sllotted to reactants with costs of $30/1lb or less in 10,000-1b lots.
The other factors were defined more subjectively. The stability-safety
criterion wvas based primarily on cumulative toxicity which downrated the

ant imony compounds and upon overall stability, a factor that influenced the
low ratings for XeFp and C1F30°BFj3.

The total ratings, based on & maximum value of 100, rauged from 28 to
79. With the uncertainties inherent in such ratings, the firat seven

reactants can be considered essentially equivalent in value.
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Theoretical Analysis of Reactant Systems

In addition to the theoretical equilibrium calculations performed tor
each reactant to determine the degree of dissociation at fixed temperature
levels (which provided the input for table A-1 in appendix A), theoretical
equilibrius calculations were also performed for reactant systems combining
the candidate reactants with various fuels. These calculations yielded the
theoretical flame temperature and combustion product composition as s
function of formulation composition, thereby providing a conve.ient means of
comparing the potentisl ol thc candidates. It must be recognized, of course,
that these calculations sre only as valid as the thermodynamic data
available. PFor those candidates that reached this stage of evaluation, only
those systems containing manganese suffered from a relatively high
uncertaiaty owing to the lack of current data for manganese species, All
others are covered by the JANNAF Thermochemical Data Tables.

The results of these calculations are summarized in table 6 which
tabulates the weight percent fluorine available as F, Fp, or NFj. The
reactant candidates were all evaluated initially withk two fuels, SijN, and
MgjN3. The fluorine yield from all reagents except (NO)ysMnFg was found to be
equal to or greater than 10 percent by weight with either one or both fuels,
This result led to the early elimination of (NO)oMnFg as a viable candidate.

The question of the degree of degradation of fluorine yield as the
result of the use of polytetrafluoroethylene as a combination fuel and binder
led to the next series of calculations, Here it was found that all of the
reactant candidates except KCIF; and LiMnFg experienced considerable
reduction in fluorine yield. KCIF4 and LiMnFg, even with the reduction in
yield, met or essentially met the goal of 10 percent fluorine by weight. In
these instances, the fluorocarbon could be effectively used a8 a processing
aid in the formulation of gas generator grains,

The effect of incomplete conversion in the preparation of reactants
KBrFg and KCIF, on the resultant fluorine yield was evaluated. This
evaluation wvas made because eurly liteiature references showed incomplete
conversions to the products with some unconverted KF present. However,

20




TABLE 6, MAXIMUM CALCULATED FLUORINE YIELD COMPOSITIONS

Weight
Reactant Fuel Flame Percent
System Weight Weight Temperature, Fluorine
No. Reactant Percent Fuel Percent (K) (F, F,NF3)
2311 (No)znnl?6 93.00 Si3N4 7.00 1177 5.41
2314 NOBrFA 90,00 Sia“a 10.00 1588 9.91
2316 KB:F6 89,00 Si3N4 11,00 1629 10,50
. 2317 KplFa 94,00 813N4 6.00 1126 13,67
2321 Liunrs 95,00 313N4 5.00 1395 3.34
. 2325 (No)znnF6 91,00 Mg3N2 9,00 1350 8.77
2324 NOBrF“ 88.00 M33N2 12,00 1700 12.7¢
2326 KBrF 88.00 M83N2 12,00 1605 13.51
2327 KCIF4 94.00 M33N2 6.00 1101 16,44
2372 LiMnF5 99,00 M33N2 1.00 921 10.86
2344 KHnFs 99,00 Mgauz 1,00 483 8.82
: 2343 KBrFg~KF 88,00 Mg.N 12,00 1629 12,60
. (95/%) 32
| § 2342 KC1F4-KF 95,00 M83N2 5.00 980 15.42
i (95/5)
' 2335 (No)zunr6 80,00 (CzFa)n 20,00 1251 2,28
’ 2018 NOBrF, 75.00 (CoF,)n 25.00 1622 3.80
2334 KBrF6 75.00 (CzFa)n 25,00 1521 4,51
2333 KCIF4 75,00 (CzFa)n 25,00 10450 9.49
2336 LiHnF5 99,00 (CZFa)n 1,00 752 11,23
2349 KCIFA 88,00 NaN3 12.00 877 16.62
: 2350 LiMnF5 99,00 NaN3 1.00 791 11,70
2354 xc1r4 95,00 AlN 5.00 1024 15.93
2355 LiMnFs 99,00 AlN 1.00 930 10,60
2359 KCIF“ 97.00 Al 3.00 1104 17.56
2361 LLMnFS 99,00 Al 1.00 1079 9.87
2385 LtHnFs 99.00 Mg 1.00 1030 10,42

21

&

1o ive i Agh o vy vt i v SUAUR AR b - ¥ ——




current experience had led to the conclusion that conversions c¢f 95 percent
or higher could be expected under carefully conducted synthesis conditions,
The theoretical calculations were therefore conducted with the appropriate
level of KF contaminant, The calculated fluorine yield exhibited an almost
1inear dependeuce on contamination level in this range with approximately a S
percent reduction in fluorine yield.

An alternative pentafluoromanganate salt, KMnFg, was oalsc evaluated with
Mg3Nz. As anticipated, the increase in formula weight resulting from the
replacement of lithium by potassium reduced the fluorine yield

proportionately. Consequently, this reactant was not considered further.

Both LiMnFsg and KC1F, were evaluated using NaN3, AIN, and Al as coumon
fuels. In all cases, the goal of 10 percent fluorine by weight was met or
essentielly met with congiderably better yield derived from KC1F4. LiMnFs
was evaluaied with magnesium in addition and met the minimum goal
requirement. The compositions giving the highest fluorine yield with LilinFg
in these instances fell in the very iow fuel range, approximately 1 percent
or lower.

The more complete summaries of the theoretical calculations from which
table 6 was digested are collected in appendix B. These tables list, in
addition to the parameters slready specified, the concentrations of all

products of any consequence, bocth condensed and gaseous.

Based on the foregoing analysis of candidate reactants and reactant
systems, a series of five reactants were selected for experimental evaluation
in the task 2 efforts. These compounds, listed in the order presented in
task 2, sre: NOBrF,, (NO)yMnFg, KBrFg, KCI1F,, and LiMnF5, With the
exception of the last reactant, the other cowpound:s met all criteria
discuesed previously based on information available at the time of selecticn.
As discussed in the conclusion section of this report, the influence of
contaminating species significantly altered the acceptability of these
reactants.
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LiMnF5 vas included as a csndidate because it represented the only
reactant that could provide essentially pure fluorine upon decomposition.
This factor was deemed sufficiently important to permit relaxation of the
available fluorine content restraint for this reactant.,

TASK 2: CHARACTERIZATION AND TESTING OF SELECTED CANDIDATE REACTANT SYSTEMS
The objective of this task was to evaluate the stability, ignitability,
combustion, and exhaust properties of the candidate reactant systems selected
¢ s on the basis of the task 1 a2fforts.

The sxperimental vork performed toward achieving this objective was
conducted in five successive stages: (1) synthesis of the candidate reactant
in quantiries sufficient for subsequent evaluations; (2) testing and rating
of a broad spectrum of reactant-fuel systems for exothemmic reactivity at
elevated tamperatures; (3) evuluating the compatibility and sensitivity of
tihe reactants with fuels selected to introduce the least possible amount of
contaminating gas products; (4) performing small-scale atmospheric pressure
ignition and combustion tests on the reactant-fuel systems: and (5) pressing
gas generator grains and evaluating their combustion in a motor at elevated
pressures to determine pressure-burning rate data and flame temperature, and
to analyze the gaseous combustion products to establish the extent of
generation of fluorine gas.

The experimental procedures used throughout task 2 investigations were
essentially equivalent for eacn of the candidate reactants. Consequently,

. these procedures are described in the section which follows and the

experimental results achieved using these various procedures are subsequently
set forth individually for each of the five selected reactants,.

Experimental Procedures

All of the fluorine compounds used for synthesis of the reactants and
most of the fuels employed in this program were obtained from two sources, )
Ozark-Mshoning Company and Al fa-Ventron Company. The chemicals were used
as-received and cpened only in the dry box or to a vacuum system,

i V1 RO A TR T T,
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All fluorine reactant syntheses were conducted «pplgyiug the all-metal
vacuun system iflnnérjtdﬁ in figure 1. Two niékcl reactors of 150-ml
capacity and one stainless steel reactor of 60-ml capacity were used for the
synthesis work. The specific synthesis procedures employed for asch reactant
synthesized are described in the sections devoted to the results obtained
vith the telcﬁanto, ) '

Wet chemical analyses on fluorine~containing oxidizers were made in part
by Galbraith Laboratories, Inc. of Knoxvile, Tenn. X-ray (Debye~Sherrer
powder pattern) analyses were made by Analex of Palo Alto, CA., and nuclear
activation analyses were made by General Activation Anaglysis, Inc. of San
Diego, CA. Mass spectrographic analysis on gas products was made by
Ultrachem Corporation of Walnut Creek, CA.

Since all of the fluorinated reactants and some of the fuels employed in
this program were sensitive to decomposition by moisture to some degree, they
were handled entirely in an inert stmosphere of dry nitrogen. A "Dri-Lab"
inert atwosphere chamber, manufactured by D. L. Herring Corporation, was
employed for practically all transfer operatioms.

Differential thermal analysis tests (DTA) were made using 10- to 15-mg
samples of the dry gas generator mixtures under a nitrogen atmosphere in a
0.9-in.~dismeter by 1.5-in.~long aluminum block heated by an 80-watt ITT
Vulcan heating probe which produced a heating rate of 30 to 40 C/min., The
absolute values and differential temperatures were recorded using & two-pen
strip chart recorder. From analysis of the charts, the relative values of
the autoignition temperatures and the magnitude of the associated exothermic
energies were determined. In addition, the presence of endothermic melting
occurring before attaining the autoignition temperature could be detected.
Due to the reactive nature of the fluorinated reactants employed, the samples
were tested in both glass and stainless steel sample tubes to eliminate any

possible oxidizevr-glass exotherms.
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A large number of reactant systems was screened with atmospheric
pressure combusiion studies. The nitrogen atmosphere ignition and combustion
testing apparatus used is shown in figure 2. It is essentially an all-glass
system to allow for visual observations of the ignition and burning
processes. A stainless steel grain case vas used only in cases where tlame
tcnpetitisuc and atmospheric burning rates were being mesasured.
Chromel-alumel’ Ei\ei'mocouples attached to a 5-124 CEC recording oscillograph

_were used to obtain flame temperatures and burning rates.

Impact and friction sensitivity tests were made on all reactant-fuel
systems considered promising from the ignitability and combustion testing. ‘
The impact tests were conducted with an Olin-Mathieson-type drop weight
tester, The samples employed in these tests were placed in sealed sample
holders in a nitrogen atmosphere dry box to avoid hydrolytic reaction before N
or during the tests. The friction tests were conducted using an ESSO ) 3

1/8-in. copper rods to elsctical power source

M2 gas inlet
Chromel-alumel thermocoupies
E==3Gas vent "

4 1

michrome wire ignite '

22-gage michrome wire gniter ; A Gas scrubber bottle ,
Propellant sample E ’ Ki solution
Metal support stand (stainless steel) - /

Glass vessel or stainless steel grain case 3

1-iter-capacity resin kettle ';

Figure 2. 1Ignition and Combustion Testing Apparatus

it
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‘triction tester. The tester was placed in a large plastic bag and flushed

,.uh uggn;n mtnz:thc,nuun_huuttyjul‘bolov lO*ptcmt bcforc” *‘”“ T

N T

Vmumn nuquloe‘ d-

: -f'::.:%if".;%* '!‘Iu“gﬁln cuu.ro conntructd of otai.nlou atul tubin; l 92 in. Lon;
_having . an. internal dismeter of 0.9 in. ~Four pressings of cqual sounts of o A ‘
-the: thorauhly atxed dry rucunt-ful ‘composition \nto ‘made per. grain. AL
_force of 2000 1b. (3000 psi) was applied wvith esch ‘prassing ‘using a stainless
_ stesl punch and an RC-35 !ncrp.c 5=ton’ hydraulie cylind.r. The entire
" operation, was conducted . in. e dty box under- constant n!.trogcn flush.  The
" small test motor sssembly is showm in ﬁ;uren 3 and 4. The material of
coustruction was steinless steel with Teflon O-ring seals. The assembly
consisted of tie rods, transducer and thermocouple attachment tee, solid
spacer, grain case, end closures (with a nichrome wire igniter sealed through
one end closurs), motor body, and steel nozzle and holder attaciment., The
pressures devaloped in t,ho,.otoi vere determined with a 0- to 1000-psis-range
Stethem transducer, to which vas sttached a 1000-psig rupture disc assembly. L
The transducer was attached to a 5-124 CEC recording oscillograph ope-ated at
a chart speed of .25 in./sec. The chamber pressure was varied from 14.7 to
500 pesia by varfiations in the nozszle diemster. The exhaust line from the
motor was provided with gas sampling takeoif and vacuum,

Yo g -
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Exper imental Results

For the task 2 evaluation, the five reactants sslected from the task 1
studies ware (1) nitrosonium tetrafluorobromate, NOBrF,; (2) nitrosonium
hexafluoromanganate, (NO)sMnFg; (3) potassium hexafluorobromate, KBrFg; (4)
potassium tetrafluorochlorate, KCI1F;; and (5) lithium peuuﬂuoronangu;nte. kB
LiMnFg. The synthesis, DTA, ignition and combustion studies, hazard 3 -
evsluation, and small motor test resulte are consolidated for each resctant 17

in the subsections which follow.
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Figure 3. Small Test Motor
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Figure 4. Small Test Motor - Exploded View
Nitrosonium Tetrafluorobromate - The compound NOBrF; is well-characterized
and exhibits adequate stability as a reactant for a fluorine gas generator.
The reactant is easily synthesized pure by condensation of NOF with BrFq(24),
both nf these precursors being readily available. For this program, this
synthesis method was employed. Bromine tritluoride was placed in a nickel
reactor by a vacuum-gravity technique and a slight stoichiometric excess of
NOF was added by vacuum distillation. A total of 32.3 g of NOBrF, was
prepared with a 96.6 percent conversion as shown in table 7. DTA tests
showed that NOBrF, decomposed at 180 C with a large endothermic heat of
disscciation.

During preparation of candidate reactant systems for DTA tests,
spontaneous ignition occurred upon mixing NOBrF4 with B, S8ijN4, 8, or BN, On
the other hand, tetrafluoroethylene, MgiNj, Kel-F, Al, Mg, and NaNy vere
suitably compatible tu permit mixing and DTA results were obtained as shown
in table 8. The NaN3/NOBrF, composition zave an exothermic reaction at
102 C, which is considered marginal for a safe gas generator system,

29
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. TABLE 7. PREPARATION AND PROPERTIES OF NOB:Pa REACTANT SYSTEMS
Prcparltion of NOBr!a

Prep. iﬁ!, "NOF, BrF Br¥,, BrF3/N0F. Reaction Conversion,
Jh':.,l.m(.!;fw (-olcs) (g? (nolol) (mole” ratio) Temp ;'(C) (perceﬁf),

1 8,985 183 24.667...100 .98, . .20 .. 96.6
Iupnct and rriction SQnsitivity Tests of Nonrr4 and Hgagz. ;3
: . ‘ : Impact B ‘ o
- - ooTest. o Fuel, - NOBrRy; ' Semsitivity, TFrictic . .
No.,  Fuel (weighc percant) (weight percent) (kg-cm) Sensitivity .
1 MgqN, 13.5 86.5 . 7.6 - o
2 'ugauz 10.1 89.9 - no sensitivity

1 " *biamond grit at 70 fe-1v.

The Nonrra/H§3N2 reactant system was selected for atmospheric pressure
ignition-combustion testing, Ignition was observed to occur readily with an
87 weight percent NOBrF, composition, combustion was complete, and the
burning rate was moderate in a tamped powder configuration. Impact and

friction tests wers made on this composition; the wmixture was found to be 4
very impact-sensitive but not friction-sensitive, as shown in table 7.

Work on NOBrF; was not continued in light of the potential detrimental
effects of BrF and NOF on deactivation and the high reactivity of NOBrF, with
fuels observed during the early exploratory tests described above.

Nitrosonium Hexafluoromanganate - The compound (NO)oMnFg has been reported to
have sufficient stability to be considered as a reactant for fluorine gas

generatinn, For preliminary screening studies, the compound was synthesized
by the procedure of Bouy(20) by reaction of MaFj and NOF in a large excess of
BrFj at 100 C, The excess BrF; was subsequently removed at 120 to 150 C.

The convarsion, noted ae slightly greater than 100 percent, was probably a

: result of the presence of NOBrF, produced from a slight stoichiometric excess
ﬁ of NOF introduced into the reactor. DfA of the (NO)MnFg reaction product




_TABLE 8. DITA OF NOBrF, AND VARIOUS FUELS

" Test " Fual . NOBrF,, Endotherms, Exotherms,
- Mo. - MPumal Weight Percent (waight percent) (©) (©)-
- 00 179s |
9.9 . 90.1 190s
- | - Spontaneous ignition
) on mixing
e e, 10.7 89.3 000 = 8%
Sporadic ignition on
mixing
5 ' ",'"3','72 24.5 75.5 1768
‘ 6;’ - Kel-F . 10.6 89.4 179
7 8 - - Spontaneous ignition
on mixing
8 Al 10.1 89.9 179s
9 Ng 10.6 89.4 171s
10 NlNa 10.6 89.4 15 7a-w 102s
11 BN - - Gas evolution on mixing

NOTE: @ = strong, m = medium, v = weak

showed no tendency for decomposition below 200 C (see table 9). These data
thereby confim the reported stability of the compound. '

Mixtures of (NO)sMnFg and selected fuels were made to provide
preliminary DTA data. As shown In table 9, the materia' was found to be
compatible vith every fuel tested, including fuels that resulted in
spontaneous ignition with NOBrF,. DTA results showed most fuels with
(NO)MnFq gave only endotherms at temperatures of 200 C or below (e.3.,




_ TABLE 9. DIAOF (M0)MaF, AND VARIOUS FUELS v e

Test . vel  (w0)maFg, Endotherms, - Exotherms, =

Mo fusl  Waight Parcant (weight parcent) (©) (©).
B (czu)n So9w0 om0 200w, 00wE 28w
3 Al . . 8.8 91.2 200w, 300wm 254w, 287w
4 B - %7 90.3 e onm, 130wt
5 Mg 10.5 i 89.5 200w, 298a 287w
6 s 10.1 89.9 195w, 271 -
7 NaN, 1.2 88,8 - . 1278
8 Mg, N, 9.8 90.2 200w, 300m 287w

NOTE: vs = very strong, s = strong, m = moderate, v = weak,
vw = very weak

perfluorcethylene, aluminum, sulfur, and magnesium nitride). Exotherms at

comparatively lov temperatures were observed with borom (100 C) and NaN>
{127 C); magnasium showed a higher exotherm at 287 (.

iRy TV P T PN,
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b Because o. the reduced fluorine levels calculated for reactant systems .
employing (NO);MnFg, no further work was conducted with (NO)yMnFg.

Potassium Hexafluorobromate - The cowpound KBrFg has previously been shown to
be a thermally stable material exhibiting high reactivity characteristice
Ui Lt fuel. .

4 For this work, KBrFy; vas prepared from KF and BrFs according to the
; procedure described by MacLaren et al.(21) An excess of BrFg was vacuum
‘ distilled onto XF in a nickel reactor and this wixture was heated to 100 C

for several hours. The unreacted 3:Fg was subsequently removed by vacuum




distilletion. Five preparations of KBrFy were made as shown in table 10. As
previously reported, it wis founid that the conversfon to KBrFg was about 80
‘pu;_uut and independent of the reaction time and amount of excess Br¥s. To
improve the convereion of KF to KBrFg, the reaction product from preparation
.5 was removed from the reactor, pulverized, and returned to the reactor vith
additional ‘BrFs. The conversion increased from the 80 percent level to
'dpbiéghnttly 95 percent by this treatment. |

KBrFg is ﬁ:hlrnally stable to about 200 C as shown by the DTA results. in .

table 11. with fuels, however, the compound was found to react at much lower
temperatures. As with NOBrF,, KBrFg reacted spontaneously when mixed with
boron., With SiiN, and 8i07, exotherms were measured at temperatures of 130
to 160 C. No exotherms to the maximun experimental temperature of 500 C were
observed with perfluoroethylene or MgqN,. : - -

Impact and friction tests were made on a 92 weight percent KBrFg/8
wveight percent MgiN, composition and the impact sensitivity was measured to
be 15 kg—-cm with no measursble friction sensitivity. These results indicate
tﬁat KBrFg systems are safer to handle than the equivalent NOBrF; systems.

Ar. atmospheric pressure ignition and combustion test was conducted with
s tamped mixture of 89.6 weight percent KBrFg and 10.4 weight percent MgiNj.
Ignition oecurred readily, and the composition burned completely with a low
burning rate,

A total of five greins of between 16 and 24 g each with the approximate
composition of 90 weight percent KBrFg/10 weight percent MgiN, were prepared
by pressing at a nominal pressure of 3000 psi giving an average grain density
of 2.21 g/ecc. The test data obtained from these grains are summarized in
table 12. One grain was fired in the atmospheric pressure test apparatus and
the othar four were tested in the small test wotor. The flame temperzture
neasured by a thermocouple in the test grain at | atm varied from 1143 to
1403 X. Plugging of the motor nozzle with melted and resolidified igniter
vire particles was a probiem in two ot the tests., This problem was overcome
by employing an oversized nozzle and maintaining a constant nitrogen flow to
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TABLE 10. PREPARATION OF KBrF

6

Prep. KF, KF, BrF BrFs, BrFs5/KF, Keaction Conversion, ;

No. (g) (moles) ; (moles) (mole ratio) Temp., (C) (percent) H

1 4.83%2 .0832  20.55 .117 1.41 100 71.5 ﬁ:

2 20,945 .360 105.7  .604 1.68 135 84,5 Eﬁ

35 19.460 ,335  105.4  .603 1.80 135 a1 Ei

) 4 28,088 .483 101.4 .58 1.20 135 81.5 )

5 25,297 .435  103.6  .592 1.36 135 79.4 ;

6 a  (75.710g) 58.7  .336 - 135 94.5 <A

a Product from reaction No. 5.

TABLE 11. DTA OF KBrF, AND VARIOUS FUELS o

6
Test Fuel KBrFg, Endotherms, Exotherms,
_No. Fuel Weight Percent (weight percent) (C) ©)
1 1 - - 100 190w, 292w -
- 2 (C2F4)n 9.5 90.5 190w, 292w -
3 B - - Spontaneous ignition on
mixing .
4 Si4N, 9.6 90.4 - 130 vs (flame) |
5 Mg N, 12.5 87.5 184vw, 279vw - ' {
6 510, 10.3 89.7 - 161m o
7 s1,N, 5.0 95.0 - 1358
8 S1,N, 1.0 99.0 186vw, 287vs -

NOTE: vs = very strong, s = strong, m = medium, w = weak, vw = very weak
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TABLE 12, GRAIN COMBUSTION TESTS OF KBrF, AND Mg.N, S e

Grain Grain Grain Burning

Teast o Fuel KBrFg, Weight, Lengih, Density, Rate, :
j- S No~““run1 - Whight Pcrcent (weight percent) (8) (1n ) . (slcc) (ln /l.c),i:"’f
AT 1n¢3u2 .- 10, PR L8816 637, .74 2,16 .03
Y ,;_,q&m> ] : ;;qg,ﬁggpjgg@: 14 7 plia - combustion complete - some | ) ~ B
© N liquefaction durins combustion - '
e iﬁﬁgzﬂa T 9 5 7 7 905 22.467 .99 e “1"9ﬁ B
8 Combustion complete - no pressure measurement- residue: 64.6%
’;‘ , ‘ . o ) .. X )
g Ignition spike = 1000-psi rupture disk relieved ‘
i IR A 9.6 90. 4 23.737 1.02 2.2 = -

Malted ignition’wire plugged nozzle = 1000-psi rupture disk reiieved
5 Hg3N2 10.4 89.6 23.694 1.01 2,25 .05

Nitrogen flow permitted use of oversize nozzle - N2 presaure: 63-psia-
Fz pressure: 127-psia max.

provide a pressure level in the motor before and during combustiocn. Msasured
: burning rates were comparatively low, .03 in./sec at 14.7 peia and
\ .05 in./sec at approximately 100 psia.

2 . From these tests, it appeared that this solid reactant system could be
successfully developed. However, efforts on the KBrFg system were

. discontinued during the tesk 2 portion of the program because of the
uncertaintias ot the intluence ot the combustion product, BrF, on laser
performance.

, Potassium Tetrafluorochlorate - The preparation and identification of KCIF,
'g' has been reported; however, information on the physical and chemical

properties of this compound is limited.

For the investigations in this program, KC1F, was prepared from KF and
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ClF3 according to the procedure described by MacLaren et al.{21) A series of
eight syntheses was conducted to prepare sufficient material for test
evalustion. The experimental conditions are given in table 13. A total of
547 g was prepared with purities ranging from 92.8 to 98.5 percent., The
lowest conversion was obtained iu preparation No. 2, whereby a stoichiometric
quantity of ClF4 was added to the KF. 1In ull other preparations, excess

ClF3 was used and subsequently removed by vacuum distillation.

DTA tests of KCIF; showed some endothermic activity at 97 to 100 C which
is most likely melting. The higher endotherms at 230 to 240 C are consistent
with the decomposition temperature reported i.. the literature.

An extensive number of fuels with KC]F, were examined by LTA, as shown
in table 14. With borom, LijN, and CajNj, ignition between KC1F, and the
fuels occurred on mixing. Low temperature exotherms were observed with
sulfur, BN, and NaN3. Of the nitrides, only Mg3iN, showed stability above
200 C. Compsred to the previous reactants, che reactivity of KC1F, appeared
less than either NOBrF, or KBrFg.

An atmosphoric pressure ignition and combustion test was made with an
88.5 weight percent KC1f;/11.5 weight percent MgaN; mixture. Incomplete
combustion was obtained with the tsmped powder which might be expected from
the weak exothermic reactivity recorded by DTA. On the other hand, a tamped
mixture of 89.9 weight percent KC1F,/10.1 weight percent NaNj ignited easily,
had a reasonable burning rate, and burned completely.

The impact and friction sensitivities of KCIF, with the most promising
fuels were evaluated and the results ere listed in table 15. The candidate
KC1F, reactant systems are all safe to handle according tu these results if
the proper precautions are taken., The impact sensitivities for the reactants
appear to correlate with their reactivity with the fuels in that the Impact
sensitivities decrease in the order: NOBrFg > KBrFg > KCIF4.

A total of 16 pressed grains were prepared from various compositions of

KC1F, and fuels using a compaction pressure of 3000 psi. One grain, prepared
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ST ST pARLET13)PREPARATION OF KCIF,T T s

Prep. KF, KF, ClFy, ClF3, = -CLF3/KF, Temp., Conversion, -~ . R
No. (g) (woles) (g) (moles) (mole ratio) (C) (pozcont) R
ST e .58 39 367 232 10 e |
S 16, 945"-"1 2927 2700 .202 100 13 928 7
B "_’z1.921"".’§‘71 '55.”5' 535  1.42 135 96.4
. 4 23,63 .47 48,4  .523 1.29 135 96.7
; 5 27,056 .’ 111.8 1.209 2.59 135 97.1
6 26.477 .456 98.1 1.061 2.33 135 94.0 o
7 28,372 .488 843  .912 1.87 135 97.4 . . . -
8 26.806 427 9.4 1.021 2.39 135 98.5

using Mg4N, as the fuel, was tested at atmospheric pressure and did not
sustain combustion. All other grains were tested in the small test motor.
Five KC1F,-NaNj grains were prepared; however, during the preparation of
three other KCIF4-NaNj grains, spontaneous ignitions occurred during either
the mixing or pressing operations. All five KCIF,~NaNj grains firad in the
aotor ignited and burned successfully. Test data are noted in table 16 as
tests 3 through 7. Burning rates varied from .05 to .09 in./sec. The

. KC1F,~NaN3 grain used in test No. 8 was fired into an evacuated holding
¢ylinder for gas sampling. The burning rate was very low and the limited

“ quantity of gas evolved in comparison to the other tests showed the intluence
of a large pressure effect. A sample of the combustion products was

submitted for mass spectrometer analysis; however, instrumental difficulties
prevented 2 satisfactory analysis.

A total of seven additional grains weze prepared from the KCIF,-Al
reactant system using rluminum powder of 6 to 9 microns, The first grain had
a 95 weight percent KC1F,/5 weight percent Al composition and was
successfully fired in the motor (test No. i0). The burning rate at a chambder
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- "TABLE 14. DTA OF KC1F, AND VARIOUS FUELS

4
Test Fuel KC1F,, Endotherms,  Exotherms,
~ No. PFuel  Weight Percent  (weight percent) = (€) = (C) .
1 - - 1000 100w, 23w, 265w -
2 (CaF)n 10.1 89.¢ 100w, 233w, 260w -
3 SLN, 9.6 90.4 ow Lgvs
4 B i 168 o | 83.2 . ' 100w, 119s
5 B - - Spontaneour ignition on mixing
6 Mg,N, 22.2 77.8 97w, 239w, 260w 285w
7 AL 10.0 90.0 97w 281s
8 Mg 9.9 90.1 97w, '23&4, 265w 260w
9 § 9.7 90.3 - 9%4vs
10  NaN, 10.1 89.9 - 1058
11  Kel-F 10.3 89.7 97w, 233w, 287w 300w
12 L13N - - Spontaneous ignition on mixing
13 Cajﬂz - - Spontanecus ignition on mixing
14 AIN 5.1 94.9 101w, 240w, 289w  168m

NOTE: vs = very strong, s = strong, m = medium, v = weak

pressure of approximately 300 psia was .04 in./sec. The high theoretical
tlame teuwperature of 1700 C and the presence of corrosive gases combined to
cause partial consumption of the stainless steel grain case. Five attempts
vere made to successfully burn grains prepared with a lower aluminum content
of 97 veight percent KC1F,/3 weight percent Al, The first grain could not be
ignited even atter prolonged heating with a nichrome wire grid. To

facilitate ignition, more easily ignited compositions were placed as a cap on

top of the 97 weight percent KC1F,/3 weight percent A! grains., The first cap

P
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TABLE 15. SENSITIVITY TEST DATA OF KClFa AND VARIOUS FUELS

Friction
Test Fuel KC1F,, Sensitivity, PFriction a
No. TFuel Weight Percent (weight percent) (kg-cm) Senaitivity
2 H33l2 10.1 89.9 - No sensitivity
3 NlN3 10.1 89.9 16.0 No sensitivity
4 Al 5.4 94.6 54.0 No sensitivity
5 AIN 5.1 94.9 13.3 No sensitivity

% Diamond grit at 70 ft-1b,

employed was a 90 weight percent KBrFg/10 weight percent MgiNo composition;
this cap ignited satisfactorily buc ignition of the grain did not occur (test
No. 12). A cap of 95 weight percent KC1F,/5 weight percent Al was next
examined and gave the same results. The cap residue was removed from the
grain and a second cap of 90 weight percent KC1F,/10 weight percent NaN;
successfully ignited the grain (test No. 13). This same composition cap was
not successful in igniting a second grain (test No. 14), nor was a cap
comprised of AgFy-Mg.

A grain was formulated with 96 weight percent KC1F,, 3 weight percent
Al, and ] weight percent NaNj. While it cou’d not be ignited directly with
the hot nichrome igniter grid, combustion was complete when capped with an 89
weight percent KC1F4;/11 weight percent NaNj composition, A burning rate

of .03 in./sec was measured at a chamber pressure of 30 to'80 psia.

Four grains were pressed and fired in the small motor with a 95 weight
percent KC1F,/5 weight percent AIN composition. They all ignited easily end
burned completely with burning rates ranging from .0l4 to .055 in./sec. One
grain was fired into a holding cylinder, previously passivated with fluorine,
vhich had been evacuated and filled to one atmosphere with helium. A sample
of the combustion gas products was submitted for mass lpectrograpﬁic
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analysis., The analysis showed the major components of the sample to be CIF
and Cly accounting for over 90X of the sample. Minor components included
CHyC1F, CHyF, CHF3, end F;. The KCIF,-AlN reactant system operated most
successfully of the KC1F, reactant systems.

Lithium Pentafluoromanganate - Very limited information was available from

the literature on LiMnFs. Hoppe, Dihne and Klemm(3l) have reported preparing
the compound by fluorinating LiMnFj at 450 to 500 C in a flow system with
subl imation of LiMnFg and collection on a cold finger. Since this method is
not considered practical for large-scale production, studies were performed
under the IRSD program to define a more straightforward synthesis route to
LiMiFg. These studies applied the method for preparation of KMnFg of Sharpe
and Wool£(30) ¢o LiMnFs.

A series of reactions was performed using variously MnFj3, Mn0,y, or
MnCly as the starting material with LiF and BrFj. A large excess of BrFj,
which acte both as a solvent and reactant, was used. From these experiments,
it was determined that the reaction with MnCl, occurred readily at ambient
temperature and the accompanying exotherm resulted in & significant
temperature rise. Ten syntheses using MnCl, were conducted and are
summarized in table 17. 1In each case, there was a pressure increase during
reaction; percent conversion to LiMnFg on a weight basis was 95 to 100
percent. The gaseous products formed during the synthesis of LiMnFg

(preparation No, 8), as analysed by mass spectrometer, are shown in table 18.

The Cly, BrCl, and Bry sre expected products. The source of the
hydrogen is not known. The MnCl,, used as s starting material, was
investigated to ensure that it was not a hydrate. Chlorine by analysis was
54.73 percent (theoretical = 56,35 percent) and, upon vacuum drying at 155 C,
only a 1.27 percent weight loss was found, A sample was also submitted for
X-ray analysis and found to match the ASTM d-spacings tor anhydrous MnClj.

It was concluded that the hydrogen was obtained from secondary reactions

during the mass spectrometer analysis.
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TABLE 18. LiMnFs SYNTHESIS PRODUCT GAS COMPOSITION

Mole
Compound Percent
012 60
BxCl 17
HC1 11
Brz 9
HBr 2

The color of the products obtained from the LiF-MnCl,-BrFq reactions has
not always been consistent, as noted in table 17. As a result, samples were
submitted to determine d-spacings from their X-ray powder patterns, The
d-spacings show similaritics (as compiled in appendix C) but do not match
exactly., The ASTM index does not contain a pattern or d-spacings for LiMnFs.
None of the patterns indicate the presence of LiF, MnClj, MnFy, or MnFj.

Three preparations were made using MnBr, as a reactant. As in the case
of MnCljy, it was found on the basis of weight change that the reaction
product is LiMnFg with conversions of 94 to 99 percent. Wi.h MnBrp, the heat
of reaction was greater tham with MnClj, but the gaseous product pressure
buildup was less, due to the liberation of Br, instead oi Cly which has lower
vapor pressure at ambient temperature,

Three reactions to prepare MnF, were made using only manganese halides
g and BrFq to obtsin a better understanding of the LiF-MnClp~BrFq and

LiF-MnBry~BrFj reactions. Tha divalent halides MnFp, MnCly, and MnBrgy were
employed. The reaction product in each cace war purplish-blue to gray=blue,
consistent with the literature. The solid reaction products from the
fluoride and bromide reactions corresponie’ to MnF, on a weight basis with
conversions of 96 and 97 percent, respectively. However, the chioride
reaction prcduct calculated 112.3 percent conversion on the basis of MnF, and
a more reasonable 101.7 percent if MnFg is assumed the product. In each
case, the product appeared to be stable at ambient temperatura,

-
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The results of wet chemical analyses of the various resction products, 3
LiMnPr, and MnF,, have not been completely satisfactory. In no case has
analysis sccounted for 100 percent of the sample, the missing constituents
amounting to from 10 to 25 percent of each of six samples. The possibility
of incomplete conversion of MaCl; (or MnBry) was evaluated by analysis for
chlorine and bromine but together these elements account tor less than 3
1.5 percent of the sample, These data are thereby consistent with the X-ray
difiraction data which showed no LiF, MnClz, or MnBrj; in the samples. The
analysis did provide expected lithium and manganese concentrations but
cffectively did not account for the active fluorine. A second approach to
anelysis by neutron activation analysis for Mn, F, and Br differed from the .
results obtained by wet chemical analysis by showing higher fluorine content.

The possibility of hydrolysis of the samples during handling is a
plausible explanation for the analysis discrepancy. This possibility is
consistent with the weight change during synthesis, the chemical reactivity
of the resulting products, and the weight change on decomposition of LiMnFgs,
as will be diucussed later,

LiMaFs was fourd to be compatible with more fuels than the other
reactants, as shown in table 19, but was not completely compatible with
Mg3No nor CajNz. No significant endotherms were noted for LiMnFs5 mixtures up
to the DTA limit of 500 C; however, decomposition could have occurred without ‘1

an appreciable temperature change. Exotherms were noted with NaNj, AIN, and
CajNy. Upon mixing LiMnF5 with either Mg3N; or CayNy, some sparks were noted

and in some cases the mixture would glow brightly tor a few seconds.

A series of atmospheric pressure ignition and combustion tests was made
with tamped mixtures of LiMnFs and selected fuels as shown in table 20.
Complete combustion was obtained with a 90 weight percent LiMnFg5/10 weight
percent NaNj mixture; however, a 95 weight percent LiMnF5/4 weight percent
NaN4/1 weight percent 4l composition would not sustain combustion, With
magnesiun as the fuel, sustaining combustion occurred with 5 weight percent
Mg, but 2.5 weight percent Mg showed marginal combustion behavior.




TABLE 19. DTA OF LiMnF_ AND VARIOUS FUELS

5
Test Fuel LiMnFg, Endotherms, Exotherms,

No. Fuel Weight Percent (weight percent) (C) (C)
1 Nalla 10.2 89.8 - 1248
2 AIN 5.0 95.0 - 287vw
3 Al 5.2 94.8 - -

4 c.3N2 5.5 94.5 - 106\«:
5 L13N 5.7 94.3 - -

6 Mg 2.5 97.5 - -

7 Mg 5.0 95.0 - -

8 NaN 3 9.8 90.2 - 1238

NOTE: & = strong, wm = Weak to medium, vw = very weak

Similarly, a 5 weight percent Al mixture burned well and a 2 weight percent
Al composition did not. An AIN-LiMnFg mixture and an Fe-LiMnF5 mixture both
showed activity upon ignition but failed to sustain combustion,

Based on the ignition and combustion data, sensitivity tests were
performed with a 90 weight percent LiMnFs5/10 weight percent NaNj composition
and exhibited an impact sensitivity of 150 kg~cm and no friction sensitivity.
A 95 weight percent LiMnFq/5 weight percent Mg composition gave an impact
sensitivity of 92.3 kg-cm and no friction sensitivity.

Difficulties encountered during preparation of LiMnFg-NaNj grains were
counter to the reasonable impact sensitivities noted above, Three of five
NaNj grain preparations ignited during the pressing operation and burned to
completion in the press. As noted in table 21, a 5 weight percent NaNy
grain, successfully prepared, would not sustain combustion in the
configuration tested. At 7.5 weight percent NaNg3, combustion could be
obtained as noted in test No. 5. The exhaust from this test was passed
through KI solution but since the KI-F, reaction is not quantitative, the
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1.77 perceni yield of fluorine from the grain based on evolved iodine is ouly

an indication c¢f fluorine generation.

Four grains were prepared frem a 97.5 weigh: perceut LiMnFg/2.5 weight
percent Hg composition, Two grains were tested at ambient temperature and
pressure. The LiMnFy used for the first grain was prepared frem the
LiF-MnCl9-BrF3 reaction. The second grain, prepared with LiMnFg from the
LiF=-MnBry-BrFj reaction, appeared to ignite easier but in neither case was
sustained combustion obtained. Two grains, prepared with 7isnFs5 from the
LiF-MnCl,~-BrFy reaction, were fired at ambient pressure and at an elevated
temperature of 150 C, The first grain ignited and burned completely but the
burning rate was very lew., The combustion gas pioducts were swept into a KI
solution with nitrogen, The liberated iodine calculated to be a 1.24 percent
fluorine yield. The second grain ignited and combustion occurred in the

center ¢f the grain.

A sample of LiMnFg was expused to air to determinre the magnitude of the
hydrolysis rate., A sample of CoFj of essentially the same weight was
examined for comparison. Weight change: were takan as a measure of
hydrolysis. BolLh samples appeared to reach a maximum weight increase after
20 to 24 hours, as shown in figure 5, and in the case of LiMnFy, subsequent
exponure caused a loss in weight. The conclusion which can be drawn is that

LiMng hydrolyzes slowly in air at & rate somewhat like that of CoFj.

The thermal decomposition of LiMnFg was investigated under vacuum
conditions. A sample was placed under a continuously maintained vacuum and
the weight loss was measured at various temperatures, The data are listed in
table 22. There was an initial weight loss at ambient temperature that could
be interpreted as loss of residual BrF3. The greatest weight loss occurred
at 170 F and above; thus, LiMnFs5 appears to be feirly stable to thermal
decomposition, After heating fur a total of 20.7 hours at temperature levels
of 125, 175, 225, and 300 F, 1%*,35 percent of the weight of the sample was
lost, Correcting .his value for the ambient temperature weight loss, the
resulting figure of 12,24 perceat corresponds closely to the value

attributable to the loss of one fluorine (12.1 percent) from LiMnFc.
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TABLE 22. VACUUM? DECOMPOSITION OF LiF—MnBr2~BrF3 REACTION PRODYCT

Sample Weight = 4.568 g
Reactor Weight = 528.5% g

Cumulative
Time, Temperature, Weight Loss, Weight Loss, Percent
(min) (F) (2) (2) Sample
0 71 - - -
30 71 .030 .030 .66
60 71 .010 .040 .88
9y 71 .007 047 1.02
120 71 .004 .051 1.12
' 150 125 014 .065 1.42
180 124 .012 .077 1.69
219 122 .022 .099 2.17
240 155 .029 .128 2.80
270 174 .112 . 240 5.25
300 176 .037 .277 6.06
330 170 .016 .293 6.41
360 223 .025 .328 7.18
390 224 014 . 342 7.49
420 224 .008 . 350 7.66
450 224 . .009 . 359 7.86
480 224 .003 .362 7.92
550 225 .014 .376 8.23
600 225 .006 .382 8.36
930 282 .013 .395 8.65 E
660 300 .066 461 10.09 i
690 302 .070 .531 11.62
720 300 .020 .551 12.06 ¥
750 300 012 .563 12.32 i1
780 296 .008 571 12.50
840 296 .010 .581 12.72
900 298 .006 .587 12.85 i
960 298 .006 .593 12.98 ]
1020 302 .002 .595 13.03 1‘
1140 302 007 .602 13.18 1
{
1200 297 .005 .607 13.29 5%
1245 297 .003 .610 13.35 3
. {
Pressure of 200 microns. 1!
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Figure 5. Air Hydrolysis Study
TASK 3: SCALABILITY TESTING AND SUPPORTING ANALYSIS

The objective of this task was to examine the scalability of the
fluorine gas generation systems which were recommended as a consequence of
the work of task 2. A specific objective of the program was development of a
design of a generator producing .25 lb/sec of fluorine for a period of from 1

to 5 sec, An additional generator producing 5 lb/sec of fluorine for 10 sec
was also designed,

During task 2 of the program, all candidates with the exception of
LiMnFs5 had been eliminated from consideration on the basis ot production of
interfering or deactivating species. LiMnFg, on the other hand, produces
essentially pure fluorine in the gas phase with the remainder forming a solid
sintered residue. The fluorine yield of approximately 10 percent by weight
is offset by the high purity of the fluorine available.

The results of task 2 showed that the fluorine-generating soiid grains
exhibited a uniformly low burning rate with only a modest pressure exponent.,
At approximately 100 psia, the burning rates of these gas generator grains

were in the range of approximately .02 to .03 in./sec. At 1000 psia the



burning rate would typically be of the order of .05 in./sec., To utilize
naterials with such low burning rates at the flow rates and times specified
in any reasonable geometry required a different design than normally
considered in conventional gas generators. A solution to this type of system
is the incorporation of discrete particles or pellets of the gas generator in
&« packed bed configuration with an igniter sized to ignite the entire bed,

In this manner, high flow rates can be achieved through the large surface
area available with the discrete particles. To achieve similar results with
norwal grain designs would require abnormally thin webs which are

inconsistent with the physical properties of this type of gas generator,

The ignition of the pellet bed requires a more elaborate and effective
technigue than the experimental methods employed in the pressed grain
experiments conducted earlier in the program. Althou,a the hot wire Lype of
igniter could eventually accomplish the ignition of all the gas generator
material, extensive ignition delays and long rise times would be the
consequence. A more appropriate ignition procedure involves a device
producing a reactive gas with hot particles entrained to initiate combustion
in a large fraction of the particles in the pellet bed. The hot particles
serve to ignite a large number of pellets initially while the reactive gas
serves to pressurize the system to promote combustion as well as to propagate
the ignition by reaction with additional pellets.

In the case ot the design point with the lower flow rates and shorter
burning time, an igniter was employed which consisted of a fluorine gas
generating formulation which burned at a higher temperature than the main gas
generation grains. This material was a KBrFg formulation and was selected to
produce a minimum of contamination during the ignitinn etage as well as its
high temperature., The igniter stage was initiated by an electric squib
initiator. In the case of the larger generator producing 5 1b of fluorine
per second, an additional ignition stage was incorporated consisting of the
standard fluorine gas generator formulation but with finer particle size to
enhance m~es flov ratc. This stage was employed between the igniter grain

and the gas genszrator grain. The design drawings for the generators are
shown in figures 6 and 7, respectively.
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Inconel-718 was selected for the material of construction since it

mbodied the best combination of properties required for the dasign
requirements. It resists corrosion by fluorine and is frequently employed
for this purpose. It further exhibits good strength-temperature

relationships and should be adequate for the times involved in the

requirements. Further, it is less expensive than other materials such as

nickel which are sometimes employed to resist fluorine c¢orrosion.

No filters are shown iﬁvthé &esign sketches,

These are conceived of as *
separate packages and, in view of the tendency of the gas generator grain to
form & self-filtering clinker, may be of minimun size. ‘
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CONCLUS IONS

The exploratory program deéscribed in this report was aimed at defining
fluorine reactant systems from available or easily synthesized compounds that
could be considered for chemical laser operatiuvns. The impact of .the exhaust

composition from candidate gas generators on overall laser system size and

per formance could not be quantitatively defined for many of the compositions )
considered in the program; therefore, subjective evaluations were made to

reduce the number of candidates to a workable number consistent with the

scope of the program.

The conclusions that csn be drawn from the work reported earlier are as

LM

follows:
A. As a result of an in-depth literature review, a series of 32

i
)

candidate reactants were identified that potentialy met the minimum
requirements for fluorine generation of 10 weight percent fluorine.
Of these, 22 also potentially met the goal of 25 wveight percent
fluorine,

B. A list of 13 candidate reactants were identified that met realistic
performance criteria primarily involving safety, stability, and
cost. A large number of the original 32 candidates were rejected
for safety considerations.

C. Of five reactants selected for experimental evalustion, small-scale
grains were prepared and tested using KBrFg, KCIF,, and LiMnFg as
the fiuorine-generating ingredient. Satisfactory combustion and
ignition of KBrFg/MgjN; and KC1F4/AIN reactant systems was

. demonstrated.

D, A low-cust, one-step route for the preparation of liMnFg was
established. The compound was determined to be stable to

B N ]

decomposition under vacuum at temperatures up to approximately 160 F.

Low hydrolysis rates observed in air were in agreement with the

low apparent reactivity observed upon adding LiMnFg to water. !
E. The compatibility ot LiMaFgq with various fuels was demonstrated,

Ignition and combustion studies showed the feasibility of

developing LiMnFg reactant systems that produce only fluorine as a




gaseous product, The fluorine yield for the candidate formulations
is of the order of 10 weight percent, |

F. The design of a fluorine gas generator using a LiMnFs5/Mg
composition showed the ignition system to be the area of greatest
importance in scale-up.

," l
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APPENDIX A
REACTANTS CONSIDERED LIST

The resctants considered list is composed of five tables depicting the
properties of 32 candidate reactants. Table A-] consists of a summary of the
results of thermochemical equilibriun calculations conducted at temperatures
of 300, 1000, 1500, and 2000 K and 1 atm pressure. These computer
calculations effectively described the products of equilibrium cissociation
of each reactant at each of the four designated temperatures. The data
tabul ated for each candidate include the weight percent fluorine available as
F, F7, and NF3, and the a at 1500 K. Table A-2 contains the wore important
physical properties such as melting point, vapor pressure, decomposition
temperature, preparation temperature, and heat of formation as well aé
chemical properties such as chemical reactivity and overall stability. These
data were sumarized from the literature, The decomposition temperature was
generally that temperature vhere the material was reported to exhibit an
apprecisble dissociation pressure. The reported preparation temperatures
vere listed since, in some instances, these values depicted the overall
thermal stability where more direct data were lacking. The heats of

formation were estimated in many instances and are so noted.

Table A-3 lists availability data, the most common synthesis routes, and
estimated costs for preparation of wvarious quantities of each resctant from
10 to 10,000 lb., The availability «ssessm2nt was made on a comparative basis
of the commercial availability of precursors in the synthesis of each
reactant and the complexity of synthesis, JCoste were estimated based on
labor and raw material costs only. As such, these costs presume existence of
manufacturing facilities (e.g., no capitalization costs) and also do not
include costs for process development. As a result, these costs are
signiticantly less than can be expected, particularly for the very limited
quantities included in this survey, and are presented for comparison purposes
only.

Table A-4 is devoted to the properties which relate to potential hazards
associated with the preparation and uses of the materials. These properties
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4
; TABLE A-1. VYLUORINE YIELD OF REACTANTS
(RCL-1)
Reactant Reactant Fluorine Yield, (weight percent) "
. o, Compouition 300 K 1000 K 1500 K 2000 K 1500 K
1 NF,BF,, 53.72 53.72 53.72 55.72 1.152 |
2 XeF, 46.47 46.47 46.47 46.47 1.159 i
3 2NOF *XeF 18.46  37.60 43,81 44,24 1.167 ’
4 KrF, *XeF 41.40 41.40 41,40 41.40 1.168 :
5 NOCIF, 6.25 32,34 39.97 45,13 1,177 i
6 4XeF s ‘MaF, 41,00 42,68 42,68 42.72 1.155
7 4XeF g +SnF,, 38,78 38.78 38,78 38.78 1.157
8 NOF *XeOF, 19.65 34.40 40,10 40.51 1,177 |
9 Xek, * 2BxF, 7.32 15.75 36.03 38.26 1.140 .
10 XeF <BF, 36.41 36,41 36.41 36.41 1.160 -
11 NF,AsF 34.06 34.06 47,23 47.68 1.120 :
: 12 (NO) ,MaF 0 15.64 24,18 24,93 1.156
§ 13 KBrF, 16,30 30,94 32,06 34.66 1.0958
14 NF ;0 SbF, 8.49 15,18 18,55 18,75 1.129
, 15 NOBrF, 0 3.89 29,82 33.38 1.149
C 16 XeF, ‘XeF, 30,27 36,27 30,27 30,27 -
R 17 BrF AsF, 9.93 15.52 38,98 40,65 1,118
| 18 NOAsF, 0 4.85 25.42 26,02 1.124
- . 19 NE ,SbF 29.16 29,16 29,16 29,16 1.131
= 20 N F s, 27.74 27.74 41,23 41,62 1.125
' 21 RbBrF, 0 8.19 26.81 28,91 1.148
g : 22 KO1F, (o 24,89 25,29 30.42 1.0952
= 23 CLF,BF, 0 23,49 23,77 28,52 1.166
24 C1F,0-BF, 0 21,39 21,62 26,18 1.175
) 25 CeBrF, 0 7.00 22,91 24,71 1.140
= 26 XeF, 22,45 22.45 22,45 22.45 1.195
' 27 NOVF, - 5.80 18.17 19.48 1.103 X
28 XeF, "Mnk, - 18.97 18.77 19.03 1.153 X
29 XeF, *VF, - 12.36 17.32 18,02 1.113 X
.;, 30 MnF, - 14,50 14.23 14.63 1.077% X
| 31 LiMoF, - 12,10 11.87 12,27 1.074% X
o] 32 KMnF, - 10,04 9.85 10.15 1.0758 ¥

81ncludes condensed phases, 65
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. TABLE A-4, REACTANT
Precursor Toxicity [

g e WA A T B

(chronic ayst

4 Threshold
. Reactant Raactant Beactivity with Limit
- {' No, Compoaition Dry Air Molat Alx Compound Value Comments
3 1 uranra None Forms HF, NF3, ur3 29 Mildly toxic
and BF3 BF3 3 Irritant §
Fa Reacts to form 9§
' for HF = 2 mg/m"%
2 XeF None Forms hazardous Xe N/A Asphyxiant
products and HF ¥,y 2 Reacts to form ¥
‘ 3 2NOF *XeF (None) (Forms hazardous  XeFg - See XaFg
products, HF znd NOF - Reacte to form Y
3 NOX)
4 x:rz-xch - (Forms hazardous KiFy - Reacts to form ’
products and HF) XaFg - See XeF, i
5 ﬁOCl?a Nons Forme HF, HC1, NOF - Reacts to form Hj
and NOX ¥
31?3 &4 Stréng irritant ;8
6 4XeF . *MnF , (None) (Forms hazardous  XeFg - dee XeF¢ s
products and HF) MoF, 6 Dust, causes neg
3 ' syetem disordergg
: 7 4XeFg°8uF, (None) (Forms hazazdous XeFg - See XeoFg ';
products and HF) §nFy, (2) Toxic fumer on
decomposition
. ] NOF X eOF, - (Forms hazardous NOF Reacts to form
| products &nd HF) XeOF, - (Strong irritang
4 9 XeF,*2Br¥y - (Reacts to form XeF; - Toxic; rirritant §
§ HF) BrFy oh Strong'irritant g
10 XeF ,BF, (None) (Forms hazardous  XeF - See XoF -
,5 products and HF) BP, 3 Irritan ‘
; I NP AR None Reacts to form NY, 29 Mildly toxic
EF and toxic 1 J) .2 Reacts to form |
1 producte AsF, <.1 Cumulative poief




fo. REACTANT SAYETY (RCL-4)

.J y

L

I

1

® §

Decomposition Product Toxicity
Threshold
Limit
Comments Compound Value Comments
ly toxic NF3 29 Mildly toxic
ant BF3 3 Irritant
s to form KF, (TLV Fq .2 Forms HF in moist air
REF - 2 ng/nd)
Byxiant Xe N/A Asphyxiant
8 to form HF Py o2 Forms HF in mcist air
XeF Xe N/A  Asphyxiant
ta to form HF, NOX F, .2 Forms HF in woigt air
NZ’ 02 N/A -
ts to form WF Kr N/A Asphyxiant
K eF o Xe N/A Asphyxiant
e £q o2 Forms HF in moist air
‘ 8 to form HF ClF (.2) Forms HC1 and HF in
1 moist air
Bog irritant; texic Fy o2 Forms HF in moist air
T Nz, 02 N/A -
PX2F Fj 2 Forms HF in moist air
BN, causes nervous Xe N/A Asphyxiant
jem disorders MnF3 6 I Dust causes nervoug
. MnF, 6 system digorders
LeF ¢ Xe N/A Asphyxiant
¢ fumes on Fa 2 Forws HF in moist air
position SnFy (2) Forms toxic fumes and
‘ SoF, (2) HF in moist air
fin to form HF Fo .2 Forms HF in moist air
ong irritant) Xe N/A Asphyxiant
: 0,5, N, N/A -
£3irritant Fq .2 Forma HF in moist air
ng irritant, toxic Xe N/A Asphyxiant
- BrF (.2) Forms HF and HBr in
‘ molst air
é‘eF6 Xe N/A Agphyxiant
ant F, 2 Forms HF in woist air
BF 4 3 Irritant
"ly toxic Fqy .2 Formg H¥ in molst air
ts to form HF N, N/A -
jlative poison AsFq <.1 Cumulative poison
onic systemic) AsFg <.1 (chronic systemic)
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TABLE A-4, (Contd.
Precursor Toxicity

Threshold
Reactant Reactant Reactivity with Limit
No, Composition Dry Air Moist Air Compound Value Comments
12 (NO) 2MnF ¢ None Forms HF and NOP - Reacts to form HF
other irritants MnF, 6 Dust causes narvous

system disorders

13 KBrFg None Foims HF and HBr KF 2.5 Dust-irritant
BrF N Strong irritant, toxic

14 mrao-sws (None) Forms HF and NF 40 - Highly toxic
poisonous 8b LDsg = 200 to 500 ppm
compounds SbF ¢ 5 Cumulative poison (chron!

systemic)

15 NOBxF, None Forms HF, HBr, NOF - Reacts to form HF
NOX BrFq o4 Strong irritant, toxic

16 XeF2'XeF, (None) (FPorms hazardous XeF, - Toxic, irritant
compounds) XeF, - Toxic, irritant

17 BrFgAsF - (Forms HF, HBr BrF g ob Strong irritaant; toxic
and As compounds) :

¥y o2 Reacts to form MHP
AsF s <.l Cumulative poison (chron:
systemic)

18 NOA-!‘6 (None) (Forms HF, and NOF - Reacts to form HP
hazaxdous As AT .1 Cumulative poison (chron
compounds) systemic)

: 19 NFasbre None Forms HF and NF 5 29 Mildly toxic
poisonous SH F 2 Reacts to form HF
: compounds sgl's ] Cumulative poison (chron
] systemic) '
] 20 NoFqAeFg - (Yorms HF and NoF, - More toxic than NP,;
: polsonous As reacts to form HF with
4 compounds) H,0
¥ AsPs <,1 Cunulative poiscn (chron
5 systemic)
i ¥y .2 Reacts to form HF
! 2} RbB2¥ None Forms HF and RbLF 2.5 Irritant ,
HBY Brf, o Strong irritant; toxic

et R g~ s~ i 5 ;
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[

¥ TABLE A-4, (Contd.)
Aty Decomposition Product Toxicity
P———-—_—
Threshold
; Limit
i  Comments Compound Value Comment s
¥
tct. to form HF F, 2 Forms HF in moist air
bt causes nervous N3, 0y N/A -
ptem digorders MoF, 6 Dust causes nervous system
: MnF, 6 disorders
_i‘t-irritlnt KF 2.5 Dust-irritant
rong irritant, toxic BrF (.2) Formg HF and HBr in moist
air
F, o2 Forms HF in moist air
ghly toxic NF4 29 Mildly toxic
= 200 to 500 ppm 0 N/A - )
plative poison (chronic SEFS o5 Cumulative poison (chronic
ptemic) systewic)
ict- to form HF Ng, 0y N/A -
pong irritant, toxic BrF (.2) Forms HF and HBr in moist
' air
Fj o2 Forms HF in moist air
tic, irritant Xe N/A Asphyxiant X
tic, irritant Fj o2 Forms HF in moist air
fong irritant; toxic Fa 2 Forms 4F in moist air
N BrF (.2) Forms HBr and HF in moist X
jcts to form HF air
julative poison (chronic AsFj <.l Cumulative poison (chronic
!_tomic) systemic)
lé;to to form HF Fy 2 Forms HF in moist air X
mlative poison (chronic  AsFjy o1 Cumulative poison (chronic
itemic) systemic)
dly toxic NF 3 29 Mildly toxic
ets to form HF F .2 Forms HF in moist air
ulative poison (chronic S§F3 3 | Cumulative poison (chronic
@:emic) SbF o5 systemic)
@ toxic than NF,; NF4 29 Mildly toxic
¢ts to form HF with F, .2 Forms HF in moist air X
_‘ AsF3 <.1 | Cumulative poison (chronic
ulative poison (chronic Ach <.1 systemic)
temic)
ets to form HF
itant RbF 2.5 Irritant
ong irritsnt; toxic BrF (.2) Forms HF and HBr in moist
air
F2 2 Forms HF in moist air




TABLE A "'4'
Precursor Toxicity

Threshold
Reactant Reactant Reactivity with Limit
No, Composition Dry Air Moist Air Compound Value Comments
22 KC1P, None Forms HF and HC1 K¥ 2.5 Irritant
CIF, N Strong irritant;
23 C1F,EF, - (Forms HF and ClF3 Wb Strong irritant;
HCY)
BF, 3 Irritant
24 C1F,0°BF3 - Forms HF and HCl BF 4 k) Irritant :
C1F40 - (Probably similar
CIF3) ]
25 CsBrF¢ None Forms HF and HBr CsF 2.5 Irritant i
BrFg b Strong irritant;
26 XeF, None Forms HF XeF, - Toxic; irritant
27 NOVF ¢ None Forms HF, NOX and NOF - Reacts to forms By
V compounds .
VFs 5 Strong irritant; §
28 XeFp*MnF, (None) (Forms HF) XeF, - Toxic; irritant
MnF, 6 Dust causes ne
systen disorders
29 XeFy VP - (Forms HF and V XeF, - Toxic; irritant »
compounds) VF, o5 Strong irritant; §
30 MnF, None Formg HF and Mn L 6 Dugt causes nervg
compounds system disorders .
31 LiMnFs (None) Forms HF LiF 2,5 Irritant :
MnF , 6 Dust causes nervd
system disorders }
32 KMnZ 5 None Forms HF KF¥ 2,5 Irritant
MnF,, 6 Dust cauges ne
system disorders
NOTE: Estimmted quantitiee are in parxentheses,




TABLE A-4, (Contd.)
or Toxicity Decomposition Product Toxicity
ghold Threshold
it Limit
2@ Comments Compound Value Comments
Irritant KF 2.5 Irritant
Strong irritant; toxic C1F (.2) Irritant; forms HF and HCI
Fo o2 Forms HF in moist air
Strong irritant; toxic BF 3 3 Irritant
F o2 Forms HF in moist air
Irritant ¢ o4 Forme HF and HCl in moist
air
Irritant BF 4 3 Irritant
(Probably similar to ClF (.2) Forms HF and HC1l in moist
CIF3) air
F, o2 Forms HF in moist air
02 N/A -
s Irritant CsF 2.5 Irritant
Strong irritant; toxic Fz 2 Forms.HF in moist air
BrF (.2) Forms HF and HBr in moist
BrF4 (.2) air
Toxic; irritant Xe N/A Asphyxiant
Fy 2 Formg HF in moist air
Reacts to forms HF Ny» 02 N/A -
F o2 Forms HF in moist air
Strong irritant; toxic VF4 .3 Forms HF and V dust —
VFq S regpiratory irritant
Toxic; irritant Xe N/A Asphyxiant
Dust causes nervous Fap 2 Forms HF in moist air
system disorders MnF , 6 I Dust causes nervoug system
MnF 4 6 disorders
Toxic; irritant Xe N/A Asphyxiant
Strong irritant; toxic F .2 Forms HF in moist air
V£3 .5 Forms HF and V compounds
VFg o3 l in moist air
Dugt causes nervoug Fz 2 Formg HF in moigt air
system disorders MnF 6 I Dust causes nervous system
MuFq 6 disorders
Irritant LiF 2.5 Irritant
Dust causes nervous Fy o2 Forms HF in moist air
system disorders MnF, 6 I Dust causeg nervous system
MuF 4 6 disorders
Irritant KF 2.5 Irritant
Dust causes nervous Fq .2 Forms HF in moist air
system digorders MnF, 6 | Dust causes nervous gystem
MnF 6 disorders
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APPENDIX B

THEORETICAL ANALYSIS OF REACTANT SYSTEM

The theoretical combustion parameters of candidate reactant systems were
calculated using current JANNAF thermodynamic product data and heats of forma-
tion of reactants, where available, Chemical equilibrium was assumed throughout
the calculations. An arbitrary chamber pressure of 100 psia was chosen for this
analysis. The reactant systems included in the following tables are listed in

. the order of the experimental evaluation, as follows:

Systen Ho, Reactant Fuel Table :
2324 NOBZF, Mg3N, B-1 ‘
2314 NOBrF,, SigN, B-2
2018 NOBrF,, (©oFy), B-3 |
2311 (NO) MnF ¢ SiaN, B-4 ,
2335 (NO) pMnF ¢ (CoFy) B-5 1
2325 (NO) pMnF ¢ Mg 3N, B-6
2316 KBxl ¢ 14N, B-7
2334 KBI’FG (CZF‘O)R B-8
2326 KBrF6 M33N2 B=9
2343 KBrF ¢ /KF Mg 4N, B-10
2317 KCLF, Si,N, B-11
2333 KC1F,, (CoFW) o B-12
2349 KCIF, NaN., B-13
2327 KC1F, Mg3N, B-14
2342 KC1F, /KF Mg N, B-15
2354 KCIF, AIN B-16
2359 KC1F, Al B~17
2321 LiMnF 5 Si4N, B-18
2336 LiMnF ¢ (CoF ) B~19
2350 LiMnF g NaN, B-20
2355 LiMnF g AIN B-21
4.0l LiMuF Al B-22
2385 LiMnFS Mg B=-23
2372 LiMrF Mg,N, B-24
2244 KMnF Mg3N, B-25

73
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F, FZ’ NF3, weight percent

TABLE B-1. THEGRETICAL ANALYSIS
j
System No. 2324 3 4 5 6 7 8 9 y
NOBIF,, weight percent 97,00  96.00  95.00  94.00  93.00 92,00  91.00 94
Mg4N,, weight percent 3.00 .00 5,00 6,00 7.00 8,00 9.0 19
Combustion parameters 1
P, »sla 100.0  100,0  100,0  100.0  100.0  100.0  100.0 1}

T. K 751 1020 1181 1280 1352 1411 1469 1
v 1,123 1,103 1,088 1,08 1,084 1,087  1.092 1
Moles gas/100 g 1.072  1.087  1.i53  1.241  1.338  1.439  1.541 1|
|
Combustion products, moles/100 g ;
¥ - L0049 .03%  .1005  ,1786  .2691  ,3706 .4
¥, - .0097  ,0422  ,0692  ,0891  ,1007  .1022 .j

Br - - - - - 0002 .
BrF .0010  ,0084  .0434  .1108  .1895  .2692  .3450 .4
BrFj 4283 4698 (4568 ,3909  .3091  ,2249  .1440  .{
BrFs. .0924  .0381  .0108  .0038  ,0016  ,0006 0002 i
" T
NF, - .0007  .0008  ,0006  .0005  ,0003  ,0002 .
NO - - - .0002 .0003 . 0005 .0007 K
N, .2106  ,2011  .2281  .2508  .2683  .2829  ,2990 .j
NOF .1575  ,1921  ,1526  .1218  ,1014  .0847  ,0688 ¢
NO,F ,0029  ,0005  ,0002  ,0001 - -~ - ;
0, L1792 ,1615  ,1788  ,1915  .1990  .2045  ,2097 .1
MgF , (1) - - - - - - - .q
MgF , (8) .0892 .1189 .1486 .1783 . 2080 .2377 2674 -4
.00 .50 2.40 4,58 6.81 8.96 10,93 1{
,

|



ORETICAL ANALYSIS OF NOBrFa/Mg3N2

10 11 12 13 14 15

93.00 92,00 91,00 90.00 89,00 88.00 87.00 86.00 85.00 i
7.00 8.00 9.00 10.00 11,00 12,00 13.00 14,00 15.00

100.0 100.0 100.0 100.0 100.0 100.0 100,0 100.0 100.0
1352 1411 1469 1536 1571 1700 1913 2083 2199 1
1.084 1,087 1,092 1.000 1,107 1.136 1.134 1,110 1,101
1,338 1.439 1.541 1.638 1.0644 1,699 1.700 1,696 1.705

(=]
-
[+ =}
L <]

-

.1786  .2691  .3706  ,4810  ,5037 .5961  ,6216  .6134

.0891  ,1007 .1022  .G899  .0734  ,03/8  ,0l10  ,0045 .0026
- - .0002 . 0004 .0007 .0028 .0198 0663 .0137 i
- - - - - - 0005 ,0022 .0041

N

g
&
[

108 .1895  .2692  .3450 L4111 4333 4625 4465 L3917 3252
9  ,3091  .2249  .1440 0725 0447 .0079  ,0005  .0001 - 1
38  .0016  .0006  ,0002 - - - - - - '
- - - - - .0003  ,0035  .0159  .0387
6 .0005  .0003  ,0002  .0001 - - - - -
2 .0003  ,0005  .0007  .0010  ,0012  ,0021  .0044  .0071  .0094 )
08  .2683  .2839  .2990  ,3147  ,3264  .3437  .3569  .3647 3714

’18 L1014 .0847 .0688 .0516 .0425 .0215 .0071 .0033 .0021

i - - _ _ - _ _ - - |
15 .1990  ,2045  ,2097  .2154 2172 .2246  .2279  .2257  .2232 !

- - - - .0033  .3268  ,3563  .3828  .4001 4070
F83  ,2080  ,2377 .2674  .2938 - - - - -

58 s.81 8.96 10.93 12.56 12,36 12.76 12,23 11.83 11.58
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TABLE B-9. THEORETICAL ANALYSIS OF KBrF /Mg.N,

System No, 2326 3 4 5 6 7 8 9
KBrF g, weight percent 97.00 96,00 95,00 94,00 93.00 92,00 91,00 )

Combustion paramaters

P.,» psia 100.0 100.0 100.0 100.0 100.0 100.0 100.0 10
Ty K 891 1029 1128 1195 1311 1392 1455 15
v 1,047 1.055 1.062 1,065 1.069 1.073 1.077 1.9

Moles gas/100 g 458 +536 +634 . 681 . 763 +856 .957 i.§

Combustion products, moles/100 g

P .0007 .0100 .0356 .0635 . 1400 2290 .3243 A8
F; .0086 .0687 .1372 .1521 .1524 . 1486 .1443 .
Ber - .0003 .0020 ,0070 0419 .1095 +1847 .
BrFq 1055 <2074 3109 <3547 . 3487 2829 «2050 -1\
Br¥y .3108 <2042 .0948 .0418 .0086 0025 .0009 . _'
N, .0272 L0344 .0458 .0573 .0687 .0789 .0890 .
NF, .0050 .0103 0075 0043 .0013 .0006 .0004 .
xr - - - .0001 .0009 .0029 .0065 .
KoFo - -~ - - . 0004 .0011 .0023 .
KF (1) - - - 4032 .3975 .3898 379 3
KF(s) 4163 .4120 4076 - - - -

Mg, (1) - - - - - - -
MgF, (s) .0891 .1189 .1486 1783 . 2080 «2377 «2675 .2

¥, ¥j, NFy, weight percent .62 3.3 6.32 7.23 8.54 10.03 11,66 1




ICAL ANALYSIS OF Ksrpalngawz

7 8 9 10 11 12 13 14 15
93.00 92,00 91,00 90,00 89,00 88.00 87,00 86,00  85.00
7.00 8,00 9,00 10,00 11.00  12.00 13,00 14,00 15,00
} 100.0  100,0  100,0  100.0  100,0  100,0  100,0  100.0  100.0
1311 1392 1455 1513 1537 1605 1693 1788 188l
1,069 1,073 1,077  1.081  1.083  1.089  1.097 1,102  1.115
.763  ,.856  ,957  1.061 1,075 1,162 1,240 1,314  1.389
b L1400 .2290  ,3243 4254 L4453 5331 .5906  .5892 5522
| .1524  ,1486  .1443  ,1325  ,1163  ,0889  ,0533  .0268  ,0127
0419  ,1095  ,1847  .2565  ,2839  ,3337  ,3593  ,3618  .3527
.3487  .2829  .2050 1294  ,0977  ,0434  ,0125  ,0029  ,0007
.0086  .0025  ,0009  .0003  ,0001 - - - -
.0687  .0789  ,0890  ,0990  .1089  .1188  ,1288  .1387  .1486
.0013  ,0006  ,0004  .0002  .0001 - - ~ -
.0009  ,0029  ,0065  ,0131  ,0168  ,033%  .0726  .1496  ,2526
.0006  .0011  ,0023  .0044  ,0055  ,0106  .0211  .0403  .0561
3975 L3898 .379%  .3643  .3561  ,3234  ,2589  .1388 -
- - - - .3269  .3566 3861 L4153 4437
.2080  .2377  .2675  .2972 - - - - -
8,53 10,03 11,66 13,13  12.89 13,51 13,25 12.21  10.98
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TABLE B-18, THEORETICAL ANALYSIS OF LiMnF5/313NA

System No. 2321 1 2 3
) LiMnFg, veight percent 95.00 90,060 85.00
813N4, weight percent 5.00 10,00 15.00

Combustion parameters

P,. psia 100.0 100.0 100.0 ‘
Te, K 1395 1806 2067 :
Moles gas/100 g 314 .682 777 k-

Combustion products, moles/100 g

| F .0796 .0036 -
'. F, 0476 _ _

. LiF .0001 .0184 ,1257
Li,F, .0001 .0089 0442

; Li,F, - .0014 .0070

: Mn - - .0284
MaF, - .0051 .0372
MaF, .0056 .2884 -
MnF, .0022 - - :
NF, .0003 L - - E
N, L0711 .1426 .2139 \
SiF, - - ,0286 .
SiF, .1069 .2139 .2921
LiF (1) 6052 .5331 .3066
Mn (1) - ~ .0569
MoF, (1) -~ - .4193
MoF, (1) .5978 .2803 -

F, Fy, NF3, weight percent 3.34 .07 -
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i TABLE B-23, THEORETICAL ANALYSIS OF LiHnFs/Hs

System No. 2385 1 2 3 4 5
: LiMF,, weight percent 95.0 96.0 97.0 98.0 99.0
Mg, wveight percent 5.0 4.0 3.0 2.0 1.0

1 Combustion parameters

P, paia 100.0  100.0  100.0  100.0  100,0
T., K 1727 1536 1350 1219 1030
L Moles gas/100 g .282 .239 .236 .258 .282
:
Combustion products, moles/100 g
: F .1635 .1537 .0926 .0530 0144
3 .0143 .0680 .1382 .2029 .2671
2 LiP .0039 .0005 - - -
: Li,Fy .0021  ,0004 - - -
P LiyP, - .0001 - - -
MrF, .0953 .0178 .0024 .0003 -
| MoF, .0024 .0033 .0027 .0013 .0002
L1F(1) .5964 .6106 .6182 .6247 -
LiF(s) - - - - .6311
MgF, (1) .2055 .1321 - - -
MgF, (s) - .0324 L1234 .0822 .0411
MaF , (1) .5078 .5909 . 5065 - -
MaF , (s) - - .1066 ,6231 .6309
{ F, F,, NP, veight percent 3.65 5.31 7.01 8.72 10.42

i+l Do st e 8 3




—_— e SO e
TABLE B-24, THEQRETICAL ANALYSIS OF LiMnFS/M33N2
System No. 2322 11 10 9 8 7 6 12 13 14 15
q}
LiMnFg, weight 99.50 $9.40 99.30 99,20 99.10 99,00 98,90 98.80 98,70 98.60
percent
Mg,N,y, weight .30 . 60 .70 .80 .90 1.00 1.10 1.20 1.30 1.40
psrcent |
{
Combustion parameters ;
2., psia 100.0 100.0 100.0 100.0 100.0 100,0 100.0 100,0 100,0 100'03
Ter K 797 822 847 872 897 921 944 968 991 1012 %
Y 1.021 1,021 1.021 1,020 1.020 1,020 1,020 1,020 1,021 1.0224
Moles ges/100 g «298 294 .290 .286 .282 . 287 275 271 .268 266 j
]
Combustion products, moles/100 g L
¥ .0009 0014 ,0019 .0026 ,0034 .0045 ,0058 .0073 .0090 .0109;
Fq .2869 .2805 .2739 +2673 .2606 .2539 L2471 . 2404 .2%439 .2282;
MoF, - - - - ~ - - - - -
MaF, - - - - - - .0001 .0001 .0001 .UOOZi
NFS .0099 ,0119 .0139 0159 .0178 .0198 .0217 .0235 w450 .0260%
N, - - - - - - .0001 .0002 ,0004 ,0009 J
LiF(1) - - - - - - - - - - i
LiP(s) . 6343 .6336 ,6330 . 6324 .6317 .6311 . 6304 .6298 .6292 .62851
Hslz(l) .0149 .0178  ,0208 .0238 .0267 .0297 .0327 ,0357 .0386 .0416i
Mn¥4(1) - - - - - - - - - - 3
MnFi(s) «6343 .6336 ,6330 ,6323 .6317 .6310 ,6304  ,6297 6291 .62841
¥, ¥a, N?s, 11,49 11,35 11,24 11,11 10,98 10,86 10.75 10,60 10.50 10.36}

weight parcant
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Fiﬁmom:ncn ANALYSTS OF LiMnFg/Mg,N,

!
|
!

b 12 13 14 15 16 5 4 3 2
!o 99,00 98,90 98.80 98.70 93.60 98.50 98.00 97.00 96.00 95.00
0 1.00 1.10 1.20 1.30 1.40  1.50 2,00  3.00 4.00  5.00
|
0 100.0 160.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
}. 921 944 968 991 1012 1033 1121 1190 1347 1358
0 1.020 1.020 1.020 1.021 1,022 1.024 1,000 1.028 1.031 1.030
.287  .275  .271  .268  .266  ,265  .269  .261  .278  .250
|
k .0045 ,0058 .0073 .0090 .0109 .G131 .0273 .0419 .0978 .0877
b6  .2539  .2471 .2404  .2339  .2282  .2234 .2119 .1834 .1343  .1070
‘ - - - - - - - .0002  .0027 .0029
i - ,0061 .0001 .0001 .0002 .0002 .0005 .0010 .0029 .0026
)8 .0198 .0217 .0235 .0250 .0260 .0262 .0181 .0101 .0017 .0O13
f - L0001  .0002 .0004 .0009 .0018 .0108 .0246 .0387 .0488
~ - - - - - ,0103 .6183 .6118  .0054
P L6311  .6304  .6298  .6292  .6285 .6279  .6144 - - -
7 .0297 .0327 .0357 .0386 .0416 .0445 .0594 .0891 .1189 .1486
- - - - - - - - - . 6001
]
V 6310 . 6304  .6297  .6291  .6284  .6277  .6241 .6172  .6063 -
|
ra 10.86 10,75 10.60 10.50 10.36 10.23 9.61 8.3  7.05  5.81
[
i
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APPENDIX C
X=RAY ANALYSIS DATA FOR LiMnFs5 AND MaF,

All Debye-Scherrer X-ray powder patterns were talcn using a 57.3-mm-
diameter camera with CuK aradiation and a Ni filter. The d-spacings and
intensities are shown in table C-1 for all samples analyzed, All of the
samples appeared amorphous rather than crystalline and the manganese tended
to cause some interference providing asignificant background to the resulting
patterns.

Comparison of the d-spacings with strong and medium intensities for the
first LiMnFg samples reveals that practically all appear among two or more of
the samples analyzed. Preparation No. i4 may be LijMnFg as there is
considerable correspondence between the d-spacings of the stronger
intensities and those calculated for Li,MnFg from the structure determination
by Hoppe, ut a1,(31)  The d-spacings for the MaCly-BrFj3 reaction product No.
12 are certairly different than the LiMnFg and LiMnFg spacings.
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